Introduction
All mature blood cells are derived from rare hematopoietic stem cells (HSCs) that reside in the adult bone marrow [1] . Evidence shows that proper gene expression and signaling transduction in HSCs is essential for homeostasis. Several transcription factors and signaling pathways are critical for the formation and function of HSCs, as well as Leukemia stem cell: its target, environment, and genetics nature of cytokine signaling makes it difficult for treatments to be specific and have a high efficacy; off target effects are a major obstacle. To move forward, a more detailed and precise mapping of the cytokine landscape is necessary.
LSCs utilize specific mechanisms to escape immune surveillance; they secrete various co-stimulatory molecules and suppressive cytokines [9] . This hinders effector immune cell function, and deleteriously reconstitutes the hematopoietic microenvironment. At the molecular level LSCs and their differentiated progeny exhibit unique genetic signatures and expression profiles [10, 11] that allow them to express different antigens [12] . LSCs also target metabolic pathways [13] , and create an anti-apoptotic environment which facilitates their own proliferation while distorting the recycling of immune cells [14] . Additionally, several surface proteins common to immune cells, including T cell immunoglobulin mucin-3 (TIM-3) have been associated with LSC self-renewal and leukemic transformation [15] .
The bone marrow is an important immunological transit point, as previously reviewed [16] . In addition to serving as a primary organ for hematopoiesis, the bone marrow is also an integral site for lymphocyte circulation [17] . The cytokine networks that run through the bone marrow are important for HSC maturation, pluripotency, and contact with immune cells. Alterations of this milieu within the bone marrow have been implicated in clonal stem cell disorders, as well as expansion LSCs [7] . For both LSCs and immune cells, the bone marrow serves as a supportive apparatus for growth and development. Correspondingly, it is the principal site for crosstalk between these cells. Thus, it is necessary to tease out the cell-cell contact mechanisms and soluble factors that are exchanged between LSC and immune cells within the bone marrow microenvironment. The trafficking of various immune cells within this microenvironment has been observed. These immune cell populations include, conventional T cells, regulatory T cells (T-regs), B cells, Natural Killer cells (NKs), Neutrophils, Dendritic Cells (DCs), and myeloid derived suppressor cells (MDSCs) [18] . Not only does the bone marrow act as a reservoir for immune cells, it also serves as a differentiation regulatory organ. In thymectomized animals, the bone marrow provides necessary architectural elements to support T cell maturation [19, 20] . In addition to modulating HSC compartment, the immune cell trafficked through
Fig. 1 a Immune cells act as homeostatic plasticizers of the hematopoietic niche. A number of resident immune cells cross-talk with
HSCs, stroma, and other BM populations via cytokine, chemokine, and soluble peptide release. They protect cells, allow them to undergo adequate maturation, and are also responsible for trimming of malignant clones. b MDS malignancies often transition to leukemia and disease progression involves deterioration of immune system functionality. c Leukemic stem cells release suppressive cytokines and chemokines to evade immune detection. This allows expansion of malignant clones, and hampers the ability of immune cells to respond to aberrant hematopoiesis the bone marrow also cross-talk with other resident cells. Therefore, it can be expected that, the dysregulation of immune networks within the bone marrow has sweeping effects on the niche populations.
During hematopoiesis, immune cells play a requisite modulatory role. Resident cells maintain HSC homeostasis through various mechanisms; they eradicate aberrant clones, balance cell proliferation, and protect stem cells from apoptosis [21] . T-regs are key mediators in this process. Notably, T-reg frequency in the bone marrow is higher than the spleen and lymph nodes; they have been shown to comprise as much as 30% of CD4+ T cells in the bone marrow [21] . T-regs are a dynamic class of cells that temper the immune response throughout the body. T-regs shield the stem cell compartment from autoimmunity, excessive inflammation, and apoptosis. Thus, the bone marrow serves as a site of immune 'privilege' where regulatory cells establish a gradient of immune suppression and regulation [22] . T-regs suppress CD4+ and CD8+ T cells cytokine production, prominently IL-2 [23] . They also secrete various inhibitory cytokines, such as IL-35 to regulate T cell activity and apoptosis [24, 25] . Consequently, a growing body of evidence suggests that T-regs are hijacked by LSCs for protection and survival. It is likely that LSCs recruit T-regs and exploit their modulatory capacities to escape detection [26] . The mechanism by which LSC target T-regs remains to be elucidated; they may act on them directly, or employ signals from the periphery.
In particular, myelodysplastic syndrome (MDS) is a useful model for characterizing the immune regulation of LSCs. MDS is marked by various defects which encumber normal hematopoiesis; this includes autoimmunity, excess inflammation, dysregulated cell death, impaired signaling. Accumulation of these events leads to aggressive clonal proliferation within the bone marrow that goes undetected by the immune system. Given the intersectionality between MDS and leukemia, as well as the propensity to proceed from one to the other, it is worth noting that there are common pathologies associated with both diseases. Two key features are the dysregulation of innate immunity, and an increase in inflammation [27] . In leukemia, miR-29b has been shown to alter the capacities of NK cells, which disrupts the innate immune response and allows LSCs to escape surveillance [28] . Correspondingly, reduced NK function is seen in MDS patients as the disease progresses [29] , and synthetic reactivation of NK cell activity has been explored as a potentially therapeutic treatment [30] . With respect to signaling, cytokine stimulation and differentiation of NK cell populations has been shown to enhance NK cell response and functionality [31] . It has also been shown that LSCs employ the CD160 signaling axis, a pathway common to NK cells and CD8 T cells, to facilitate their expansion [32] .
Mast cells, which serve as activators of inflammation, have also been implicated. Mast cell growth factor, a ligand for c-kit, has been shown to promote hematopoiesis and proliferation of leukemic precursors [33, 34] . Dysregulation of this receptor tyrosine kinase, accompanies the corrosion of the stem cell niche and the hematopoietic system in MDS and other stem cell malignancies. Likewise, the regulation of c-kit receptor by Ran-binding protein microtubule-organizing center appears to function in the development of bone marrow progenitors [35] . Leukemiainitiating-cells have also been associated with a mast cell signature; the IL2/CD25 axis may serve as a key regulator in leukemic cell activation [36] . As with leukemia, T-reg functionality is distorted in MDS; T-reg receptor profiles as well as migratory and homing capacities to the bone marrow are altered to favor LSC development [37] . Both MDS and leukemia are marked by unique cytokine and chemokine expression patterns [9] and it is likely that this alters the communication landscape between immune cells, stem cells, and stromal cells of the hematopoietic system. Similarly, disequilibrium of the signal transduction pathway and malignant cell survival has also been shown to be correlated [38] . A notable feature of leukemia and MDS development is the deregulation of Toll-like Receptors (TLRs); these receptors are critical for innate immune signaling [39] and they are important for the cooperative regulation of pro-inflammatory cytokines and chemokines. In MDS, a significant upregulation of TLR1, 2 and 6 has been observed; specifically, the TLR2 signaling axis has been shown to mediate inflammation via the activation of activate IL-8 and histone demethylase JMJD3. Likewise, levels of tumor necrosis factor alpha (TNF-α), interferon gamma (IFN-γ), transforming growth factor beta (TGF-β), and interleukins IL-6 and IL-8 are also elevated [40] [41] [42] . Moreover, TLR dysfunction has been implicated in the progression to leukemia where signal transduction of important proliferative and apoptotic pathways is not properly activated [43] . The cytokine imbalances and dysregulated activation of TLRs observed in MDS stifles immune cell function, increases inflammation, and disrupts cellular communication. Collectively, these changes contribute to the formation of the leukemic stem cell niche.
Many hematological disorders, such as MDS and leukemia are pathologies concomitant with aging. This increase in age causes significant remodeling of the bone marrow microenvironment. One feature is the gradual replacement of the bone marrow compartment with adipose tissue [44] . Another component of aging is immunosenescence. The decline of immune function that results from aging has various consequences on the stem cell lineages; it hinders the bone marrow's ability to nurture precursors, leads to dysplastic changes in resident cells, and promotes defective apoptosis, and cytopenia [45] . Loss of functionality disrupts cytokine and hormone networks necessary to maintain the various hematopoietic lineages [46, 47] . Because HSCs depend on adequate signaling from the bone marrow for proper quiescence and self-renewal, the age-related decline of immune function is often a trigger for leukemic transformation [48] . Cellular senescence increases chronic inflammation through the senescenceassociated secretory phenotype (SASP). This phenotype engages cell cycle and metabolism related genes, soluble factors (chemokines, growth factors, and interleukins), secreted proteases and ECM components [49] [50] [51] . IL-1, IL-6, and IL-8 are some of the most significantly upregulated interleukins [52] . The insulin-like growth factor (IGF)/IGF receptor signaling axis also contributes to SASP profile and an overall inflammatory phenotype [53] . Senescent cells also amplify the CXCR2 signaling networks via increased secretion of CXCR-2 (IL-8RB)-binding chemokines [54] . The aggregate effects of disrupted cellular signaling in combination with the loss of immunological capacity create a climate permissive of LSC expansion. Aging and cellular senescence introduces changes to the bone marrow niche, and resident populations which alter the landscape of soluble and insoluble factors in the microenvironment. These changes synergistically impede proper hematopoietic maturation.
Under normal conditions, HSCs move through a series of steps as they evolve into specialized cells. The burden of regulating these transitions falls heavily on the immune system. Proper clonal expansion and trimming of malignant cells is carried out under the directive of immune cells. In hematopoietic pathologies, such as leukemia, the transition from HSCs to LSCs is accompanied by a loss of immune function. When immune regulation fails, HSCs lose the ability to balance self-renewal and lineage commitment; hallmarks of LSC development include abnormal expansion and dysregulated proliferation. Given the dependency between these cell types, an investigation of immune components is required to determine the regulatory checkpoints that go awry during LSC biogenesis. The balance between immune surveillance and immune evasion is a critical topic of exploration regarding LSC development and disease survival.
LSCs crosstalk with the microenvironment
The bone marrow niche is a complex arrangement of cells such as osteoblasts, endothelial cells, mesenchymal stem cells, stromal cells, and the above-mentioned immune cells. Within the bone marrow (BM) two distinct niches have been observed, the endosteum and vascular niche. The majority of HSCs reside in the endosteum, inner surface of the BM, which is lined with cells such as osteoblasts and osteoclasts. The sinusoidal (vascular) niche is comprised of thin vessels along with reticular cells, stromal cells, mesenchymal stromal cells (MSCs), and neurons, all of which can regulate and sustain HSCs and allow for communication with the rest of the body. Similar to immune cells within the microenvironment, niche cells communicate with HSCs other through cytokines, chemokines, and adhesion molecules that regulate self-renewal, quiescence, and mobilization.
To define the cells that constitute the niche, fate-mapping models have shown that stromal tissue, bone, and cartilage are derived from increasing lineage-restricted stem and progenitor cells [55] . Growth plate studies reveal a high frequency of non-hematopoietic, nonendothelial cells that contain 8 distinct subpopulations with differential expression of CD105, Thy, 6C3, and CD200. The populations resolved from this staining are: skeletal stem cells (SSC), bone, cartilage, and stromal progenitor (BCSP), pre-BCSP, B-lymphocyte stromal progenitors (BLSP) 6C3 (as defined by expression of Ly-51), hepatic leukemia factor expressing cells (HEC), Thy (based on CD90/Thy1 expression), and pro-chondrogenic progenitor (PCP). SSC, pre-BCSP, and BCSP have the potential to give rise to bone, cartilage, and marrow, while BLSP, 6C3, HEC, and Thy primarily make bone. As suggested by its name, PCP gave rise to cartilage [55] . Similar to the hematopoietic system of differentiation, the skeletal system has a hierarchy of progenitor-precursor relationships that are just now being discovered.
Several factors known to support hematopoietic stem cells have been used to resolve subsets of cells within the bone marrow microenvironment (BMM). These include CXCL-12, angiopoietin-1, stem cell factor (SCF), jagged-1, and thrombopoietin [56] . Recent work has taken this a step further using single cell analysis to define populations in close proximity to HSCs [57] . Cells within short distances of HSPCs had upregulation of cell surface proteins Vcam1, Adam9, and Amot as well as immune response genes Map3K14, CXCL12, and IL-18. Additionally, these proximal cells were found to be lineage committed but still immature. Conditional knockout-models have showed that mature osteoblastic cell derived RNase angiogenin (ANG) regulates lymphoid progenitors, while mesenchymal and osteolineage progenitor cell derived ANG aids in HSC quiescence and repopulation. Furthermore, it was shown that proximal cells secrete IL-18 and employ this cytokine to regulate quiescence of short-term progenitors. Finally, it has been demonstrated that antibody inhibition of cell adhesion molecule, such as Embigin, promote an increase in the frequency of HSCs, progenitors, and colony-forming cells. Taken together, these results establish that the BMM is a highly organized unit of cells, and that these populations crosstalk with HSCs to regulate hematopoiesis.
The study of the BMM on the pathogenesis of hematopoietic malignancies is not well understood. Current literature points to an interaction between LSC and MSCs. This interaction may impact both populations, perhaps modulating the molecular pathways that regulate normal HSCs. Understanding the niche in leukemia will provide insight on how to alter the microenvironment to target malignant cells. Disruption of the niche generates an array of problems, which help LSCs evade therapeutic agents [58] . In xenograft models, LSCs disrupt the microenvironment and normal HSCs behavior through chemokine signaling. Stromal Cell Derived Factor 1 (SDF-1), also known as CXCL12, is a chemokine secreted by the microenvironment to maintain HSCs and facilitate their homing; it is upregulated during times of hypoxia and inflammation. However, upon serial transplantation, acute lymphoblastic leukemia LSCs were found to home to SDF-1 negative areas. Through cytokine signaling, these altered niches are able to dysregulate the microenvironment and exclude HSCs [59] . Confocal microscopy studies reveal that healthy HSCs compete with acute myeloid leukemia (AML) LSCs for physical niche occupancy in competitive transplantation models [60] . Mice receiving higher doses of either whole BM or HSCs were able to survive longer with LSCs due to either competition for occupancy or resources. Notably, the two cell types were not seen to inhabit the same environment. Together these studies demonstrate that the niche is altered during leukemia and suggests that LSCs physically outcompete HSCs.
The specific ways in which leukemic cells alter the microenvironment to disrupt normal hematopoiesis is not well defined. As mentioned previously, CXCL12 is decreased in some leukemia [59] ; however, the role CXCL12 plays in LSCs maintenance is still unknown. High resolution imaging of fate-mapping mouse models reveal that LSCs home to the endothelial region of the BMM where CXCL12 production is stable [61] . Additionally, the burden of LSCs decreases upon the deletion of the CXCL12 gene from endothelial cells. Moreover, deletion or inhibition of CXCR4 from LSCs decreases the leukemic burden. To demonstrate therapeutic potential, a small molecule AMD3465, has been used as an antagonist to the receptor in both murine and human leukemic xenograft models. In both models, leukemic burden decreased upon addition of this small molecule therapy [61] . Similarly, AML mouse models have shown that the LSCs induce transcriptional changes in normal MSCs. BM stromal cells from AML patients show a shift in differentiation with more osteoblastic cells and less undifferentiated cells [62] . Additionally, the AML BM was also unable to form colonies and proliferate as readily as healthy BM. They also showed that cell-signaling molecules such as Jagged-1 and CXCL12 were altered in the BM microenvironment. [62] .
Notch is a plasma membrane protein that functions in cell signaling by having its extracellular domain and intracellular domain cleaved. There are four types of Notch and majority of acute lymphoid leukemia patients test positive for a gain of function mutation in the intracellular domain of Notch1. A mouse model of T-ALL was used to determine the mechanism behind the leukemic expansion in the BM [58] . As with other leukemia, these leukemic cells were able to displace normal cells for space within the BMM. Additionally, there was a reduction of osteoblasts in the marrow. This correlated with decreased expression of osteoblast transcription factors such as Runx2, osterix, osteocalcin, and ostegrin, as well as CXCL12. Meanwhile, stromal cells showed an increased expression of IL-6, SCF, HIF1a, VEGF, and Jag1. Furthermore, Notch1 was found to be able to bind to the promoter of the CXCL12 gene and affect expression [58] . Notch1 activation suppresses osteoblasts by decreasing CXCL12 that results in inhibition of normal hematopoiesis. This mechanism suggests that niche-targeted approach can be used to regain osteoblast function and restore normal hematopoiesis.
LSCs use the factors of different niche environments to resist chemo-targeting. During treatment, LSCs 'home' to adipose tissue to escape detection [63] . The adipose niche induces a pro-inflammatory response from the LSCs. This causes the cells to secrete cytokines which increase lipolysis and the release of fatty acids. LSCs then take up these the fatty acids to increase fatty acid oxidation (FAO). The expression of CD36 on LSCs seems to confer an advantage for the uptake of fatty acids. Additionally, the CD36 + LSCs have lower ATP levels than the CD36 − cells even with comparable mitochondrial mass. Given the high FAO, low ATP levels, and their increased dependence on glycolysis, CD36+ LSCs resemble quiescent HSCs. Since chemotherapy targets cycling cells, CD36
+ cells are more resistant to chemotherapeutics [63] . Taken together, these illustrate the role the leukemic microenvironment plays in LSCs maintenance and drug resistance.
The majority of leukemic research has focused on genetic alterations that increase the risk of developing leukemia or that drive the leukemogenesis. Another recent emphasis is determining mutations that lead to a stressed environment for the HSCs. In Shwachman-Diamond Syndrome (SDS) and Myelodyplastic Syndrome (MDS), mesenchymal inflammation has been shown to stress HSCs and increase the risk of leukemic transformation [64] .
Furthermore, a conditional knockout specifically in mesenchymal cells for the Sbds gene results in similar bone formation as in human SDS. Additionally, these targeted mice increased mitochondrial dysfunction and increased DNA damage in the HSCs. However, in the Sbds KO mice, unlike ROS induced damage in healthy controls, the pathways for the DNA damage, such as base excision repair and ataxia telangiectasia Rad3, are transcriptionally altered. p53, a tumor suppressor gene, is overexpressed in the mutant niche cells as a potential mechanism for this genotoxic stress [64] . This upregulation of p53 causes an increase in secretion of S100A8/9 heterodimer, which is a member of the S100 family and involved in cellular processes such as differentiation. S100A8/9 in turn binds to Toll-Like Receptor 4 (TLR4) to cause the increase in ROS and DNA damage of HSCs. Similar analysis was done with Noonan Syndrome (NS) to study the genetic elements which increase the risk of developing leukemia [65] . In these patients, the gene PTPN11 encodes SHP2, tyrosine phosphatase, a positive regulator of the RAS signaling pathway, is mutated in 50% of the patients. Using niche specific expression of a mutant Ptpn11 E 76 K/+ gene showed that Erk, Akt, NF-κB intracellular signaling pathways were highly upregulated in the HSCs of the mutant mice. Along with increasing intracellular signaling, the BM plasma show elevated levels of pro-inflammatory cytokines such as IL-1β, TREM-1, CCL3, CCL12, CCL4, and TIMP-1, but a decrease in CXCL12. Moreover, the anti-inflammatory cytokine IL-1ra was also increased. Patients with elevated CCL3 have increased complications from NS compared to healthy patients. However, when looking at the HSCs, they found that IL-1β causes the HSCs to differentiate towards myeloid cells and monocytes, conversely CCL3, CCL4, and CCL12 appears to show no differentiation effect. Meanwhile, the impact of these factors on the MSCs results an increase in proliferation. Furthermore, these perturbed MSCs recruit monocytes that produce pro-inflammatory cytokines. This causes the HSCs to be hyper-activated and displaced from the niche causing myeloproliferative neoplasm (MPN). These studies demonstrate the role of the mutant niche in causing disruption of the hematopoietic system. The combined effects of high stress and inflammation cause HSCs to be displaced and acquire mutations leading to leukemic disease.
As depicted in Fig. 2 promote LSC survival and chemoresistance. LSCs remain more quiescent in the altered niche making targeted therapies problematic. Therefore, therapeutic treatment for leukemia needs to evaluate niche environment holistically. Understanding how LSCs alter the microenvironment will aid in finding new opportunities to treat the illness.
Dysregulated signaling pathways contributing to LSCs
As mentioned above, recent studies have tried to dissect the genetic modifications which increase the risk of developing leukemia or promote transformation of normal HSCs. A combination of genetic and epigenetic alterations, signaling pathway disturbances, and changes to the bone marrow microenvironment permit the survival of LSCs over HSCs within the leukemic niche [66] . Furthermore, these pathways modify signaling pathways from upstream cytokines receptors to determine self-renewal and differentiation. Both LSCs and HSCs have been defined by their ability to reconstitute normal hematopoiesis or induce leukemia following transplantation. This requires differentiation and self-renewal of the stem cells. The signaling pathways controlling self-renewal have been characterized and defined using mouse models. These include hedgehog ligands that promote HSC proliferation [67] . Another pathway is Wnt signaling. Wnt ligands bind to their cell-surface receptors to stabilize β-catenin; this leads to HSC expansion [68] . Furthermore, similar to expression within the BMM, expression of the intracellular domain of Notch (ICN) within hematopoietic cells leads to HSC expansion [69] . Therefore, several signaling pathways are known to regulate the self-renewal and maintenance of HSCs and LSCs (Fig. 3) .
Proper regulation of Wnt signaling is required to maintain a balance between the quiescent and active form of HSCs. This is done by balancing self-renewal and differentiation. Recently, WNT5A, a main stimulator of Wnt signaling, was found within the inflammatory niche [70] . Moreover, haploinsufficiency of WNT5A led to impaired actin polarization due to dysregulation of the zeb1 transcription factor. This affects the homing, migration and adhesion of LSCs [70] , suggesting that alterations of this signaling pathway contribute to the recurrence of disease. Furthermore, Ctnnb1 and Wnt receptors frizzled 4/6 and the target gene, cyclin D2, were upregulated in LSC populations [71] . While the knockdown in expression of β-catenin results in the reduced growth of these cells; ablation or conditional deletion eliminates the oncogenic potential of the MLL-transformed cells [66] . Consistent with this idea, the expression of β-catenin can be down-regulated by p53, a commonly dysregulated pathway in various types of leukemia. Based on these findings, a protein that negatively regulates the self-renewal of stem cells is Aspp1 (apoptosis-stimulating protein of p53), a co-factor of p53 that enhances its pro-apoptotic effects was recently discovered [72] . In fact, HSCs deficient in both Aspp1 and p53 accumulate DNA damage and develop hematological malignancies. However, Aspp1 can regulate the pool of HSC via p53 dependent and p53 independent mechanisms. Also, downregulation of Aspp1 by promotor hypermethylation has Fig. 3 Crosstalk between conservative signalling pathways. Interplay between the signalling proteins activate the transcription factors for transcribing the genes related to apoptosis, cell cycle, inflammation, selfrenewal and migration of cells. Up-regulation or down-regulation of these proteins could lead to development of leukemia. HH hedgehog, IL interleukin, NICD Notch intracellular domain, PTCH patched, SMO smoothened, TFs transcription factors, THPO thrombopoetin, TNF tumor necrosis factor been observed in leukemic cells [72] . Additional studies that support these findings show that dual targeting of p53 and c-MYC simultaneously improves the selectivity for targeting LSCs in CML as compared to tyrosine kinase inhibitors alone that are unable to eradicate the LSCs responsible for relapse [73] . Moreover, resistance to BET inhibitors (Bromodomain and extra terminal protein that bind acetylated chromatin marks) as seen in leukemic cells, is partially due to activation of Wnt/β-catenin signaling, and targeting this pathway restored the sensitivity of cells towards these inhibitors [74] .
Interestingly, the Notch signaling is also regulated by β-catenin protein (Ctnnb1) [66] . Within this pathway, the complex γ-secretase and the target genes of Hes family, c-Myc, cyclins D1 and D3, Notch1 and 3 have all been proven to be important in HSCs in quiescence, while Notch1 has tumor suppressor activity in AML [66, 75] . Hes1, a target gene for Notch as well as Transforming Growth Factor (TGF-β) signaling are transcriptionally regulated by the factor JunB to control the proliferation of HSCs for production of myeloid progenitors [75] . Meanwhile, HSCs deficient in junB have reduced activity of many downstream effectors for this pathway, like Smad7 and p57. Supporting this idea, reduction in Hes1 causes the loss of quiescence and hyperproliferation of the LSCs [75] . These data confirm that Wnt/β-catenin and Notch signaling are critical regulators of HSCs and LSCs.
Not surprising, that GSK-3β has been considered a key therapeutic target for leukemia because of the variety of pathways with which it interacts, including Wnt/β-catenin, Notch, PI3K/PTEN/Akt, and Hedgehog (Hh) [76] [77] [78] . Indeed, miR-126 regulates LSCs quiescence by targeting the components of this PI3K/AKT/GSK3β signaling axis in leukemia resulting in disease relapse and treatment resistance [79] . However, others have shown that the inhibition of miR-126 leads to LSC differentiation and cell cycle activation improving the sensitivity of anti-proliferative drugs [79] . Additionally, the negative regulator of PI3K pathway, Pten is also important to maintain the quiescent state of the HSCs [80] . That is, cells deficient in Pten are sensitized to IFNα and G-CSF. This results in hyper-activation of PI3 K pathway, increase of protein synthesis and tumor suppression expression and depletion of HSCs [80] .
Providing further evidence to the interplay between these signaling pathways, Pten deficient B cells activate the hedgehog (HH) pathway resulting in an expansion of B lineage cells but do not display a CLL-like phenotype [81] . In this model, activation of the Hh/Gli1 along with PI3 K/ AKT signaling was unable to cause expansion of the B lineage cell. This proves that his pathway does not play a role in the onset of CLL, but is rather required for their survival as proven by both stroma-derived HH signaling and PI3 K/AKT pathway [81] . In another model of lymphoid leukemia, using a JAK3 mutant mouse model [82] , an increase in the expression of stimulatory ligands, Dll4, Il7 and Vegf, that promote proliferation, and cell survival was observed. Similar to CLL-like model, this was due to the upregulation in expression of the GLI1 transcription factor and ectopic expression of Sonic Hedgehog (SHH) and Indian Hedgehog (IHH), ligands of the hedgehog pathway in the T-cell progenitors. These JAK3 mutant mice were also shown to be sensitive to treatment of the Shh pathway include smoothened (SMO) and glioma-associated oncogene homolog (GLI) inhibitors [82] . Furthermore, cases of AML having FMS-like tyrosine kinase (FLT3) internal tandem duplication (ITD) mutation had an increased expression of GLI2, an effector of the HH pathway, which regulates the transcription of CyclinD1 and N-Myc. The constitutive activation of Hh/Gli led to enhancement of STAT5 and hence proliferation of myeloid progenitors. And, the combined use of SMO and FLT3 antagonists inhibited the growth of AML cells in vitro as well as in vivo [83] . Targeting of the these pathways, including Wnt/β-catenin and Hedgehog (Hh), have proven difficult, as these self-renewal and stem cell pathways are essential in other tissues throughout the body.
Apart from these signaling pathways described above, the JAK/STAT pathway plays a mechanistic role in the development of leukemia due to the interplay of the pathway with the cytokines and the inflammatory niche. The constitutive activation of the JAK/STAT pathway drives leukemogenic potential as observed in BCR/ABL + CML, BCR/ABL − myeloproliferative neoplasms and is even associated with poor prognosis of AML LSCs [84] [85] [86] . Janus kinases (JAKs), cytoplasmically associated with cytokine receptors are phosphorylated at their tyrosine residues and are activated when cytokines and growth factors bind to their receptors. Mutated and constitutively active JAK, cause the phosphorylation and dimerization of STATs that are transcription factors regulating genes important for cell survival and proliferation. There have been significant advances in targeting these pathways in leukemia and solid tumors [84, 87] . Interestingly, tyrosine-unphosphorylated STAT5 (uSTAT5) represses megakaryocytic transcriptional program in the absence of thrombopoietin (THPO) and restricted the access of ERG, a transcriptional factor to its target genes, proving the role of cytokine in megakaryocytic differentiation [87] . Therefore, although the focus has been on active or phosphorylated STAT protein, the inactive form also regulates gene expression and cell fate. Additionally, downregulating the expression of THPO receptor MPL reduced the THPO-stimulated STAT3/5 activation in turn decreasing the expression of STAT target genes Bcl-XL, Bcl2, Hif2a, Myc, Osm and Pim1 responsible for cell cycle progression and inhibition of apoptosis [85] . Moreover, UT2, an endogenous transmembrane protein upstream-of-mTORC2 that negatively regulates STAT3, inhibiting the phosphorylation of STAT3 at tyrosine 705 and reducing the cytokine IL-6 signaling, was decreased in multiple myeloma [88] . This suggests that phosphorylated STAT in the JAK/STAT pathway leads to activation of genes related to progression of cell cycle and inhibition of apoptosis aiding in the development and survival of LSCs, and hence can be therapeutically targeted for treatment.
Proinflammatory cytokine are typically elevated during myeloid malignancies. A few of these elevated factors includes CCL2, CCL3, CCL5, CSF2, IFN-γ, IL-1, IL-3, IL-6, IL-8, IL-10, IL-12, IL-13, THPO, TNFα and stem cell factor [86, [89] [90] [91] . Increased levels of these factors, as well as increased cell proliferation are observed in leukemic patients and people suffering from other myeloproliferative disorders [9, 86] . IL-1, a proinflammatory cytokine triggers the phosphorylation and ubiquitination of downstream transcriptional targets of NF-κB, p38, JNK, MAPK and AP-1 signaling pathways. The target genes of this activation being the IL-1α, IL-1β, IL-6, IL-8, MCP-1, MKP-1 and TNFα, stimulating cell division and myeloid cell differentiation of HSCs while inhibiting lymphopoiesis and erythropoiesis [91, 92] . Furthermore, IL-1β and CXCL2 were upregulated in AML due to a positive feedback mechanism phosphorylating GATA-2 via activation of the p38/ERK signaling promoting transcriptional activation and hence cell proliferation [93] . Tumor suppressive action of RIPK3, a target of the TNF receptor signaling pathway, promotes cell-death of LSCs in AML from inflammasome-mediated release of IL-1β that restricts myeloid leukemogenesis [94] . Additionally, chronic exposure to IL-1 reversibly impaired self-renewal ability of HSC similar to long-term exposure of IFNα while its acute production led to myeloid differentiation for blood regeneration observed during a physiological emergency state [92] . Meanwhile, an enhanced sensitivity to IL-1 induced NF-κB signaling and an upregulation IL-1 receptor Type 1 (IL-1-R1) and IL-1 receptor accessory protein (IL-1-RAP) was observed in CML LSCs [91] . A significant inhibition of the NF-κB signaling was observed after IL1-RA (IL1 receptor antagonist) on treatment with tyrosine kinase inhibitors in CML aiming to maintain treatment-free remissions by targeting the LSCs [91] . Apart from IL-1, the role of IL-6 in CML has been shown to be crucial for leukemic maintenance [89, 90] . Non-transformed progenitors and normal HSCs were restored with anti-IL-6 treatment of chimeric CML mice. Additionally, changes in cytokine levels from the leukemia in this chimeric model affect the normal stem and progenitor cell function to transformation of the neighboring cells [89] . Furthermore, BCR-ABL translocation regulated the expression of IL-6 through BCL6, a transcription regulator of IL-6 gene via the paracrine loop, reprogramming differentiation towards the myeloid lineage proving its importance in CML development. This finding was confirmed by the restoration of the normal low IL-6 levels on treatment with tyrosine kinase inhibitors. Disruption of the paracrine loop led to delays in the onset of CML with persistent BCR-ABL activity, proving the role of cytokines in the sustenance of LSCs [90] .
It can be concluded that for development, survival, and self-renewal of LSCs several signaling pathways, transcription factors and cytokines play crucial roles. Numerous transcription factors known to regulate the genes required for cell cycle activation and inhibition of apoptosis for cell proliferation are activated in leukemia, either by the oncogene or by changes to the microenvironment. Recent studies have revolved around the pro-inflammatory cytokines important to the development of LSCs and maintenance of the leukemic environment.
As discussed here, hematopoietic stem cells rely on cytokines from the bone marrow niche and neighboring hematopoietic cells to maintain their dormancy, as well as differentiate to mature blood lineages to meet the needs of the individual. However, during malignancies, alteration in secreted factors and the niche contribute to maintenance of leukemic stem cells and disease progression. Here, we described the alterations in immune regulation, pro-inflammatory cytokines, self-renewal pathways and the microenvironment from leukemia. Findings in the past few years suggest that the future of treating leukemia will likely involve restoring the diseased microenvironment and inhibition of cytokines and secreted factors that promote leukemic maintenance.
